We have investigated the polarization-resolved electroluminescence (EL) of a pi-n GaAs/AlAs/InGaAs resonant tunneling diode (RTD) containing a GaMnAs (x=5%) spin injector under high magnetic fields. We demonstrate that under hole resonant tunneling condition, the GaMnAs contact acts as an efficient spinpolarized source for holes tunneling through the device. Polarization degrees up to 80% were observed in the device around the hole resonance at 2K under 15T. Our results could be valuable for improving the hole-spin injection in GaMnAs-based spintronic devices.
The dilute ferromagnetic semiconductor alloy Ga 1−x Mn x As has been intensely investigated in the last years for possible spintronics applications [1] [2] [3] [4] [5] [6] [7] [8] . Several works were focused on spin light emitting diodes (Spin-LEDs) which use GaMnAs layers as spin injectors [1] [2] 8] . The operation of these devices is usually based on the injection of spin polarized holes that are strongly coupled to the magnetic Mn ions. Since hole spin relaxation times are much shorter than electron spin relaxation times, the improvement of spin injection efficiency in those structures is a difficult issue. In the last years, it was also shown that spin-polarization of holes in p-i-p Resonant Tunneling Diodes (RTDs) can be voltage-selected, which makes such device attractive for spintronic applications [9] [10] [11] [12] . A possible improvement of spin-LEDs could thus be obtained by using the resonant tunneling effect in association of a layer of GaMnAs acting as a spin injector in p-i-n RTDs. Under hole resonant tunneling condition, spinpolarized holes from GaMnAs layer must be efficiently injected into QW holelevels which must increase the spin polarization degree of the device.
In this work, we have investigated the polarization-resolved electroluminescence (EL) from two devices: a magnetic p-i-n GaMnAs/ GaAs/AlAs/InGaAs RTD and a reference non-magnetic structure where the ).
The GaAs buffer layer was grown at 550 •C and the rest of the structure was Electroluminescence (EL) measurements were performed using a 0.5 m
Andor spectrometer coupled to a Si CCD. Optical and transport measurements were performed at 2 K under magnetic fields up to 15T parallel to the growth axis (Faraday configuration) . We remark that the easy axis of the (Ga,Mn)As magnetization is in the plane of the sample (perpendicular to the growth axis). be dominated by tunneling electrons [8] . This effect should reduce considerably the hole resonant peaks in the I-V characteristics of this sample making them much more difficult to be observed. However as we will show in the following, hole resonances can still be observed under high magnetic fields even though they are more pronounced on the reference sample. Figure 2 shows typical polarization-resolved EL spectra of the GaAs and InGaAs QWs from the RTDs subjected to a 1.82 V bias under 15 T. The EL peak from the GaAs QWs is observed around 1.70 eV for both the S0 and the S1 structures. However, the emission from the InGaAs QW presents peaks at around 1.44 eV for S0 and 1.41 eV for S1 samples. This energy difference can be ascribed to small differences of the InGaAs QW parameters such as the QW width or the In concentration in these samples. We also remark that the GaAs QWs bands have significantly larger linewidths than the InGaAs QWs. This indicates that a significant charge build-up must occur in the GaAs QWs [13] of the biased RTDs. The excitonic spin-splitting of the QW emission bands from the S0 structure are almost zero (~1 meV for the GaAs and ~0 meV for the InGaAs QW) in agreement with previous results [9] . However, we observe a small increase of the spin-splitting energies for the S1 structure for both QWs (~ 2 meV for the GaAs and ~1 meV for the InGaAs QW) as compared to the S0
device. This increase could be due to small differences of the samples parameters as well as some residual Mn concentration and/or variations of the carrier densities in the QWs including the possible formation of charged excitons [13] . These factors may affect the g-factors of the structures. We point out that the spin splitting energies for both QWs and structures (not shown here) do not show any significant variation with the applied voltage.
Furthermore, we remark that for both devices the GaAs QW emission shows a negative polarization degree while the emission from the InGaAs QWs is positively-polarized. The observation of different signs for the polarization degree of GaAs and InGaAs QWs is consistent with the opposite signs of carrier g-factors of GaAs and InGaAs QW [14] . We also point out that for sample S1 the higher energy band from the GaAs QW EL (-emission) shows a higher EL intensity. This inversion must be attributed to either the dominance of the g-factor from a minority carrier if the QW presents a large charge density of one of the carrier types or to a non equilibrium situation due to the injection of polarized carriers that recombine before attaining a thermal distribution. were also observed around 1.7 V in the I-V curve for the S0 device that are attributed to the HH1 resonance. These structures were not observed for the S1
device probably due to the potential profile from this structure which tends to inhibit the hole tunneling. We also observe that for the S1 device the total GaAs QW EL intensity shows a strong correlation between the IV curve and both the hole and electron resonances. In contrast, in the case of the S0 device, the intensity of the GaAs QW emission is correlated solely to the electron resonant peak from the I-V curve. If we consider a simple model, the GaAs QW EL intensity should be given by the product of the electron and the hole densities that tunnel into the QW, while the I(V) curve should be proportional to the sum of the electrons and holes tunneling through the RTD. Particularly, as we discussed before the hole tunneling is inhibited in sample S1. As a consequence, the holes must be always considered minority carriers in the GaAs QW of the S1 structure, decreasing to negligible density values for voltages beyond the hole resonant voltages. Therefore, the EL intensity in S1
should be very sensitive to the hole resonances. This effect is not observed for the S0 device, which indicates that the hole densities should be more similar to the electron densities for this structure. The correlation effect between the I(V) curve and the EL intensity is diminished for the InGaAs QWs which can be explained by the fact that in this case the EL intensity should mainly represent the density of holes tunneling through both AlAs barriers, whereas the second tunneling is basically a non-resonant process. For both structures, the InGaAs QW EL intensity increases with the voltage and shows a tendency of saturation for high voltages that must reflect the overall charge distribution along the RTD. shows some increase just after the electron resonance, when the relative number of holes compared to electrons in the GaAs QW increases. Considering that the GaAs QW excitonic spin-splitting does not show any significant voltagedependence, the DCP variation from S1 cannot be explained by a simple thermal occupation effect. These results thus indicate that the DCP voltage variation must be related to the injection of spin polarized holes along the structure. Furthermore, as the effect is rather strong for the magnetic structure but it is not observed in the reference sample, this points out to an efficient injection of spin-polarized holes from the GaMnAs layer under resonant tunneling conditions. The spin injection effect can also be reinforced by the reduced hole densities of the S1 structure as compared to the reference sample, since minority carriers play a more important role defining the polarization degree from a QW emission. Figure 4 (c) shows the magnetic field dependence of polarization degree from the GaAs QW emission for S1 and S0
at 2K for 1.78 V (onset of hole tunneling). It was observed that for all magnetic fields the polarization degree is higher for the S1 which indicates an important contribution of spin injection from GaMnAs layer.
Concerning the InGaAs QW emission, we observe that the DCP from the S1 structure shows a bias dependence only for low voltages, around the onset of hole resonant tunneling. As mentioned before the InGaAs QW spin-splitting remains mainly constant for all applied voltages. Therefore, this low-voltage dependence of the InGaAs QW DCP should also reflect some non-thermal occupation effect. As the InGaAs QW must mainly present a constant density of electrons from the adjacent n-doped GaAs contact, its emission must basically reflect the dynamics of the holes that tunnel through the two barriers of the RTD In conclusion, we have investigated the circular polarization degree of the electroluminescence emission from p-i-n RTDs with a Ga 1-x Mn x As (x=5%) p- 
